The chromatin structure of morphologically-similar, but increasinglymalignant erythroleukemia cells was investigated using mild micrococcal nuclease digestion of isolated nuclei. The maximum solubilization of chromatin was unique for each of the three cell types: the least malignant (our Stage II) released 61Z of its chromatin DNA, the most malignant (Stage IV), 46%, and the intermediate (Stage III) released 36%. An analysis of the nucleosome oligomers liberated by digestion also demonstrated differences. After 15 minutes of digestion when release was reaching its maximum, a greater proportion of large nucleosomal oligomers (sizes > trinucleosome) was released from Stage II nuclei than from Stage III or IV nuclei. The cell types also differed in the relative amount of Hl-depleted mononucleosomes released.
INTRODUCTION
Chromatin in eukaryotic organisms is organized into discrete units, termed nucleosomes, comprised of approximately 200 base pairs of DNA coiled around an octomeric complex of hlstones H2a, H2b, H3 and H4, each occurring in pairs (1) . Each unit nucleosome consists of a 145 base pair (bp) (2) DNA "core" particle which is protected against nuclease digestion by its association with core histones, and a "linker" region of 10-80 bp associated with histone HI or Hl-like histones (3) , which is highly susceptible to endonuclease attack (4, 5) .
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The DNA size of the core particle among different species appears to be invariant; however, the sire of the complete nucleosorae (core plus linker) varies widely among organisms, tissue within the same organism, developmental state, and cellular activity (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Furthermore, both active and inactive gene regions are organized in the repeating nucleosomal structure of chromatin, although the physical conformation may be different (16) (17) (18) ). It appears, therefore, that changes in nucleosome repeat length which, by definition, reflect alterations in chromatin structure, may relate to changes in gene activity.
We sought to determine if malignant change in a single cell type was reflected in chromatin structural changes. Our model was the Friend virusinduced erythroleukemic cell. We have previously characterized four distinct stages of Friend leukemia which evolve from early, non-tumorogenic leukemia cells in the spleen to later, sequentially emerging, tumorogenic cell types with increased malignant potential (19, 20) . This report will describe changes in chromatin structure associated with malignant changes in three erythroleukemic cell types which are morphologically similar, but different in malignant properties. Isolation of Nuclei. The procedure essentially followed that already described (21) with minor modifications. The buffers contained the following proteolytic inhibitors made fresh the day of the isolation: 0.2 mM 6,000-18,000 units/mg) was used at a ratio of 1 enzyme unit/ A.,,, of nuclei.
MATERIALS AND METHODS

Growth and
To initiate digestion, enzyme was added to nuclei with mixing. Samples were removed at desired intervals and added to tubes on ice containing l/10th-volume of 0.15 M EDTA, pH 7.5. After sedimentation of digested nuclei, the supernatant (Su-1) was carefully removed. The pelleted nuclei
were lysed by addition of 10 mM Tris -1 mM EDTA, pH 7.5, equal in volume to the initial digestion sample. Lysis was allowed to proceed a minimum of 1 hr at 4°C with mixing. After centrifugation (12,000 x g) the supernatant, Su-2, containing nuclease-released buffer-soluble oligomers was removed.
Digestion was followed by the percent of the initial A of the nuclear preparation released as Su-2 soluble material. and electrophoresis performed at room temperature, 40 V, until the dye had migrated off the gels. Gels were stained in 0.4Z Amido Black and scanned at 620 nm. Relative amounts of oligomers were determined from gel scans by estimation of the area under each oligomer peak from the weight of the peak cut out of photocopy paper (19) . Weights were equalized to an initial sample of six A^6 Q units (300 ug DNA). 
RESULTS
Our laboratory has reported a shift in the histone H2a variant ratio which paralleled the changing malignant potential of Friend leukemia cells (19, 20, 27 ). This present study was designed to determine if the histone change and malignant differences reflected a change in chromatin structure. The mean distribution of the released oligomers was compared among the different tumor cell types from NP gel scans corrected to 300 yg DNA applied per sample. Total represents the sum of mono-, di-, and trinucleosomes migrating into the gel. The percent of each size class is given above the appropriate bar. SlzinR of Native DNA Associated with Released OliRonucleoaomes. dsDNA was extracted from Su-1 and Su-2 fractions. Su-1 contained a subset of mononucleosomes depleted in hlstone HI, which was soluble in Digestion Buffer. The Su-2 fraction contained over 90Z of the released nucleosome oligomers; it also contained some Hl-depleted mononucleosomes. The different migration of mononucleosomal DNA from each of the 3 stages was apparent (Fig. 4) , and corresponded to different sizes (Table 2B) .
We next examined mononucleosome DNA size at early and later periods of digestion. The mononucleosome DNA size did not change detectably over the digestion periods (Fig. 5) . The DNA extracted from Su-1 mononucleosomes was uniformly smaller than Su-2 mononucleosomal DNA. Because of the mild digestion conditions utilized in these studies, rapid degradation of released nucleosomal DNA to core particle size was not observed. However, after prolonged (60 min) digestion of nuclei, the core particle-sized DNA among the cell types retained (Table 2A) . Mononuclosomal sire, reflecting in part characteristic linker lengths as well as stability of the linker regions to nuclease degradation, paralleled the oligomer repeat sizes (Table 2B) 
Average repeat length + S.D. was determined as the mean of the repeat length by analysis of oligomers 3 through 5.
Average repeat length was calculated as the slope of the line after linear regression analysis of the DNA size of oligomers consisting of 3-9 nucleosomes.
"nononucleosome size + S.D. was calculated from the migration of mononucleosome DNA samples in 6Z polyacrylamide slab gels. The number of samples analyzed is given in parentheses.
vitro. Stage IV cells grown iji vitro showed no detectable cell cycle differences from Stage III cells in vitro. This latter finding, as well as the similarity of micrococcal nuclease digestion kinetics of cells grown in vivo or ln_ vitro (see Fig. 1 ) Indicated that cell cycle differences were not responsible for the observed nuclease digestion differences.
DISCUSSION
The chromatln structure of three different tumorogenic Friend erythroleukemic cell types was dramatically different as revealed by micrococcal nuclease digestion studies. This finding is of great interest since the three cell types studied are derived from the same proerythroid stem cell and form a progression toward increased malignancy. They are morphologically indistinguishable by light and electron microscopy (41).
The kinetics of digestion (Fig. 1) Table 2B ). These differences could reflect a greater susceptibility to nuclease "trimming" in Stage III than in Stage II or IV.
However, it is noteworthy that the repeat length of higher oligomers of each of the cell types reflected, in general, the relative mononucleosome size. Hl-depleted, Su-1 mononucleosome fractions also retained the respective size (Fig. 4 , Table 2B ). These data suggest that the discrete mononucleosome classes observed are stabilized due to components other than histone HI.
Our data show several coexistant mononucleosome size classes (Fig. 5) .
Although a precursor/product relationship is possible, it is equally plausible that the classes were derived from chromatin domains with different oligomer repeat sizes, as reported in other systems (47, 48) . The products of early digestion times (< 5 min) tended to have a smaller oligomer repeat size than longer incubations (Table 2A) . This supports the domain interpretation, since nuclease processing alone would predict larger particles released early, with subsequent size reduction.
The stability of the unique major mononucleosomal DNA size in each cell type emphasizes basic organizational differences between the different cell types. The significance in terms of gene activity is unclear, although nucleosomal repeat length has been shown to change during development (24, 49, 50) . Correlations between increased repeat sizes and decreased transcriptional activity have been attempted but are not absolute (51) .
Differential accessibility and stability of nucleosomal particles to micrococcal nuclease digestion has been related to the presence of a unique HI variant in the linker region of Holotheria (52) . Studies on the relationship of nucleosomal repeat sizes and altered amounts of HI and H5 in erythroid cells failed to show a correlation (53) . This was unexpected, since HI and H5 both bind to linker regions and vary in charge and size (54) .
Yet, successful reconstitution of nucleosomes with native size repeat units has been found to require HI (55) . The chromatin structure differences among the three stages may directly relate to the histone H2a variant change. The role of H2a variants in chromatin structural alterations and the malignant process remain speculative.
Our studies do provide evidence, however, that malignant change In a single cell type is reflected In the total chromatin structure of its DNA.
